MicroRNAs have been proposed as novel biomarkers for the diagnosis and treatment of many types of cancer. The levels of five candidate microRNAs (miRNAs) (miR-99a-5p, miR-31-5p, miR-138-5p, miR-21-5p, and miR-375-3p) in sera from oral cancer patients and paired tumor and normal tissues were detected by real-time qPCR. The diagnostic power of these miRNAs was analyzed by receiver operating characteristic (ROC) curves. Patient-derived xenograft (PDX) models of oral cancer were established and utilized to verify the potential therapeutic effect of miR-31-5p. Candidate miRNAs were screened from our previous studies and verified in 11 paired oral cancer and adjacent normal tissues. Only serum miR-31-5p levels were significantly different between oral cancer patients and healthy controls and between pre-and postoperative patients. Based on the logistic regression model, this panel of five miRNAs distinguished oral cancer patients from healthy control, with an area under the ROC curve (AUC) of 0.776 (sensitivity = 76.8% and specificity = 73.6%). Furthermore, a miR-31-5p mimic enhanced the proliferation of normal epithelial cells, and antagomiR-31-5p inhibited the proliferation of oral cancer cells in vitro. In vivo, antagomiR-31-5p significantly inhibited tumor growth in oral cancer PDX models. Our findings suggest that circulating miR-31-5p might act as an independent biomarker for oral cancer diagnosis and could serve as a therapeutic target for oral cancer.
INTRODUCTION
Oral cancer is a common malignant tumor of the oral cavity, with the sixth highest incidence of malignancy worldwide. 1 In recent years, many studies have been devoted to identifying novel molecular biomarkers, such as circulating tumor DNA, 2 exosomes, 3 and circulating microRNAs (miRNAs), 4 for the early diagnosis, prognostic prediction, and target therapy of cancers. miRNAs are a class of small, noncoding RNAs that can posttranscriptionally regulate mRNA expression and influence almost all cellular pathways. 5 Previous studies have demonstrated the regulation of miRNAs in major biological processes of cancers, including proliferation, differentiation, migration, angiogenesis, and carcinogenesis. 6, 7 Accumulating evidence indicates that numerous stable miRNAs exist in human serum and that the high stability of miRNAs in blood enables circulating miRNAs to be used as potential markers for malignancies. 8 To date, some circulating miRNAs have been found to act as biomarkers for diagnosis, for monitoring the therapeutic effects of surgery or radiotherapy, for the evaluation of lymph node metastasis of cancer, and so on. [9] [10] [11] [12] [13] Our previous studies demonstrated that the dysregulation of some miRNAs, such as miR-138, miR-99a, miR-21, miR-375, miR-181a, miR-24, miR-222, and miR-7, contributes to the progression and metastasis of head and neck cancer and oral cancer. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] For example, the miR-21-hydroxyprostaglandin dehydrogenase (HPGD) regulatory module might play an important role in tongue squamous cell carcinoma (TSCC) initiation and progression. 25 Deregulation of the miR-99 family contributes to the tumorigenesis of head and neck squamous cell carcinoma (HNSCC), in part by targeting the IGF1R and mTOR signaling pathways. 16 miR-138 plays an important role in cell migration, epithelial-mesenchymal transition (EMT), and cell cycle progression and may be involved in the DNA damage response and repair, senescence, and differentiation in oral cancer. 17 To date, many studies have been conducted to discover possible miRNA biomarkers for oral cancer. 29, 30 For example, Liborio-Kimura et al. 30 found that miR-494 was an independent candidate tumor suppressor miRNA in oral cancer. Additionally, we revealed that miR-486-3p, miR-139-5p, and miR-21 could be used as biomarkers for the detection of TSCC. 31 Moreover, miR-21 and miR-375 from oral cytology was found to be used as biomarkers for oral tongue cancer detection in our previous study. 25 Although circulating miRNAs have emerged as promising noninvasive biomarkers for oral cancer diagnosis, the identification of a miRNA pattern as a biomarker for oral cancer is challenging because of the heterogeneity of the disease, different methodologies used, and sample size. Here, we first screened five candidate miRNAs based on our previous studies. Then, a large number of serum samples was used to perform multiple-stage validation to increase the statistical power and to investigate the potential diagnostic values of these miRNAs for oral cancer. Finally, we established oral cancer patient-derived xenograft (PDX) models and investigated the therapeutic effect of antagomiR-31-5p (a miR-31-5p inhibitor) on oral cancer PDX. We identified and successfully validated miR-31-5p as a useful circulating biomarker in the diagnosis of oral cancer, and we conclude that miR-31-5p is a promising therapeutic target for oral cancer.
RESULTS

Dysregulated miRNA Signatures in Oral Cancer Patients
Four miRNA profiles from head and neck cancer or oral cancer based on our previous studies are shown in Table 1 and include (1) a TaqMan-array-based miRNA profiling study on cancer cells that were selectively harvested using laser capture microdissection (LCM) from snap-frozen TSCC specimens and matching normal tissues; 31 (2) a meta-analysis of 13 published miRNA profiling studies on HNSCC;
16 (3) a differential analysis on miRNA profiling data of 130 TSCC cases and 13 normal control tissues that were extracted from The Cancer Genome Atlas (TCGA) data portal; 25 and (4) a microarray-based miRNA profiling study to identify miRNAs associated with enhanced metastatic potential using an in vitro model. 20 By combining the results of these miRNA profiling studies, a master list of five differentially expressed miRNAs (miR-99a-5p, miR-31-5p, miR-138-5p, miR-21-5p, and miR-375-3p) was identified in at least two miRNA profiling studies. These five dysregulated miRNAs were further validated in 11 paired oral cancer tissue specimens and matched normal tissues (cohort 2). As described in Figure 1 , the expression pattern was consistent with the miRNA variation trend in Table 1 , but only the miR-31-5p expression level was significantly higher in oral cancer tissues.
Based on these studies, we further hypothesized that these miRNAs were differentially expressed in the sera of oral cancer patients.
Candidate Serum miRNAs Act as Biomarkers in Oral Cancer Patients
To evaluate the expression differences in these five miRNAs in the sera of oral cancer patients, the miRNA level was determined by real-time qPCR in the serum of cohort 1, which included oral cancer patients (n = 82) and normal controls (n = 53 (Table S1 ), the serum levels of miR-99a-5p, miR-138-5p, and miR-375-3p were related to clinical stage (p < 0.05). However, serum miRNA concentrations did not differ according to age, gender, or tumor size.
Moreover, differences in these serum miRNA levels between preand postoperation patients (cohort 4) were also determined by ) was 2.13 and 1.63, respectively. No significant difference in the serum levels of miR-99a-5p, miR-138-5p, and miR-375-3p was observed in oral cancer patients before and after the operation. Furthermore, we analyzed the correlation of these miRNA levels between tissue samples and serum samples from oral cancer patients (cohort 3) and found no correlation of these miRNA levels between preoperative sera and tumor tissues in oral cancer patients ( Table 2) .
Evaluation of the Diagnostic Potential of miRNA Signatures for Oral Cancer
To assess the diagnostic value of the five circulating miRNAs in discriminating oral cancer patients from healthy subjects, receiver operating characteristic (ROC) curve analyses were conducted. As shown in Figure 3 and Table 3 , of the five candidate miRNAs investigated, serum miR-31-5p exhibited the highest accuracy in diagnosing oral cancer, with an area under the ROC curve (AUC) of 0.661 (p = 0.002). The observed AUC of the five-miRNA panel was 0.776, with a sensitivity of 76.8% and a specificity of 73.6% (Figure 3F) . Moreover, the predicted probability from the logistic regression model based on the five-miRNA panel was as follows:
Next, we used a ROC curve to assess the diagnostic value of the five circulating miRNAs in discriminating preoperative oral cancer patients from postoperative patients. As shown in Figure S2 and Table S2 , serum miR-31-5p showed the highest accuracy in discriminating preoperative oral cancer patients from postoperative patients. The observed AUC of the five-miRNA panel was 0.891, with a sensitivity of 81.7% and a specificity of 63.8% ( Figure S2F ). The predicted probability from the logistic regression model based on the five-miRNA panel to distinguish preoperative patients from postoperative patients was as follows:
Collectively, the above results indicated that the upregulated serum miR-31-5p level was able to discriminate oral cancer patients from healthy subjects and monitor the recurrence of oral cancer. Circulating miR-31-5p might serve as a candidate biomarker for the diagnosis of oral cancer. Moreover, a circulating miRNA panel based on these five miRNAs might also have the potential to act as a biomarker for the detection and therapeutic monitoring of oral cancer with high accuracy.
Effect of miR-31-5p on the Proliferation of Oral Cancer Cells In Vitro
To further investigate the effect of miR-31-5p on the proliferation of oral cancer, we first measured the expression of miR-31-5p in oral cancer cell lines and normal oral epithelial cell lines. As shown in Figure 4A , miR-31-5p expression levels were significantly increased in oral cancer cell lines compared with normal epithelial cell lines (NOK-16B). Moreover, we found that the expression levels of miR-31-5p were significantly higher in cell lines with higher migratory and invasive potential (UM1/MDA1386Ln/MDA686Ln) than their paired cell lines (UM2/MDA1386Tu/MDA686Tu). A miR-31-5p inhibitor (antagomiR-31-5p) significantly inhibited the proliferation of UM1 cells ( Figure 4B ), and miR-31-5p mimics significantly enhanced the proliferation ability of normal epithelial HaCaT cells ( Figure 4C ). These data indicate that miR-31-5p has the ability to enhance the proliferation of oral cancer cells.
Effect of miR-31-5p on the Growth of Oral Cancer in PDX Models
To further validate the role of miR-31-5p in the tumorigenesis of oral cancer, we constructed patient-derived xenograft models of oral cancer. Two PDX models used in the present study were established using small biopsied tumor specimens from patients with advanced-stage oral cancer. These PDX model mice (2 cases) were intratumorally injected with antagomiR-31-5p or antagomiR-NC two times a week. As shown in Figure 5 , antagomiR-31-5p significantly www.moleculartherapy.org delayed the growth of PDX in two primary oral cancer patients. The inhibition rate of tumor growth was 37.5% (case 1) and 49.5% (case 2). Further, real-time qPCR was performed to detect the expression levels of miR-31-5p in the excised PDX tumors and revealed decreased miR-31-5p expression in the antagomiR-31-5p-treated groups compared to the antagomiR-NC-treated groups ( Figure 5D ). In addition, the immunohistochemical staining of tumor tissue derived from the xenografts indicated a marked increase in the expression of phosphatase and tensin homolog (PTEN) and a reduction in p-AKT, both of which are target genes of miR-31-5p, in the antagomiR-31-5p-treated groups ( Figure S3 ). Taken together, these results verified that the intratumoral injection of antagomiR-31-5p could effectively inhibit tumor growth in oral cancer PDX models.
DISCUSSION
miRNAs have shown great potential as diagnostic, prognostic, and therapeutic biomarkers because they modulate tumorigenesis and the progression of various cancers. 28 A tremendous number of studies, including ours, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] have been carried out to investigate the role of miRNA dysregulation in the development and prognosis of oral cancer. 4, 9, 32 Among these studies, the upregulation of miR-31 and miR-21 and the downregulation of miR-99a, miR-138, and miR-375 were often found in oral cancer. [15] [16] [17] [18] [19] [20] [23] [24] [25] 28, [33] [34] [35] [36] [37] [38] Some miRNAs or miRNA signatures have become promising biomarkers in oral cancer. 10, 31 For example, Chen et al. 10 found a five-miRNA signature, including miR-99a, miR-31, miR-410, miR-424, and miR-495, in predicting radiotherapy response in oral cancer. We also revealed miRNA-21 and miRNA-375 from oral cytology as biomarkers for oral tongue cancer detection. 25 Maclellan et al. 39 revealed that miRNAs showing disease-associated expression changes in blood are not necessarily the same ones that are differentially expressed in cancer tissues, and miRNA expression patterns in tumor and serum samples from the same patient might not correlate. To further identify powerful circulating miRNA biomarkers for oral cancer, we first screened miRNAs that are dysregulated in oral cancer based on our previous studies 16, 20, 25, 31 and selected five potential miRNA biomarkers, namely, miR-21-5p, miR-31-5p, miR-138-5p, miR-99a-5p, and miR-375-3p. Although the pattern of these five circulating miRNA levels was consistent with the expression pattern in the tissue of oral cancer patients, the expression of these five miRNAs did not correlate between serum and tissue.
An increasing number of studies have revealed the potential of circulating miRNAs as novel, noninvasive biomarkers for detecting, monitoring, and predicting the prognosis of patients with oral cancer. 9, 12, 13 Pedersen et al. 9 found that the proposed combination of miR-30a-5p and miR-769-5p in plasma from oral cancer patients could serve as a minimally invasive biomarker for the diagnosis and control of T-site recurrences. Emerging evidence has indicated that miR-31-5p is upregulated and acts as an oncogenic miRNA in a wide variety of neoplasms, [40] [41] [42] including oral cancer. 41 Meta-analyses indicated that high miR-31-5p expression is associated with a poor overall survival (OS) in patients with general cancers and that miR-31-5p may be a useful clinical prognostic biomarker. 43, 44 Moreover, in the 4-nitroquinoline-1-oxide (4NQO)-induced mouse tongue carcinogenesis model, Kao et al. 45 found that an increase in miR-31-5p staining paralleled the severity of 4NQO-induced epithelial pathogenesis in the tongue epithelium. A progressive increase in miR-31-5p in both saliva and plasma samples was also noted. In the current study, we found that the miR-31-5p level, but not the levels of the other four miRNAs (miR-99a-5p, miR-138-5p, miR-21-5p, and miR-375-3p), was significantly increased in the sera of oral cancer patients compared to those in normal controls. Of the five candidate miRNAs investigated, serum miR-31-5p exhibited the highest accuracy in diagnosing oral cancer. Moreover, the combination of these five miRNA signatures also provided a high AUC for the diagnosis of oral cancer. Thus, circulating miR-31-5p might be useful as a systemic biomarker that distinguishes oral cancer from a noncancerous status, and circulating miRNA panels based on these five miRNAs might also have the potential to act as biomarkers for the detection of oral cancer with high accuracy.
Because treatment (surgery and radiation) can alter the appearance of normal tissue surrounding a lesion, which can delay recurrence detection, circulating miRNAs may be applicable as an alternative means of posttreatment monitoring. 38 Maclellan et al. 39 demonstrated that many circulating miRNAs are tumor specific, as the circulating miRNA levels correspondently decrease or increase after tumor resection. In the present study, we also observed that circulating miR-31-5p levels in oral cancer patients declined after surgery. Therefore, circulating miR-31-5p may be useful to monitor the recurrence and curative effect of oral cancer.
As a biomarker, many studies have implemented a miRNA mimic, including miR-31-5p, 40, 46 or an inhibitor as a therapeutic target of cancer. 47 For example, Liu et al. 40 found that the engineered knockdown of miR-31-5p substantially repressed lung cancer cell growth and tumorigenicity in a dose-dependent manner. Lai et al. 48 revealed that miR-31-5p had a functional impact on oral cancer cell migration and invasion and direct regulation of the rate-limiting enzyme in peroxisomal b-oxidation, ACOX1. Liu et al. 41 also found that the ectopic expression of miR-31 increased the oncogenic potential of HNSCC cells under normoxic conditions in cell culture or in tumor xenografts. In the present study, miR-31-5p was significantly upregulated in a panel of oral cancer cell lines. antagomiR-31-5p inhibited the proliferation of oral cancer cells, and miR-31-5p mimic promoted the proliferation ability of normal epithelial HaCaT cells. We also used oral cancer PDX models to investigate the target effect of miR-31-5p and found that antagomiR-31-5p significantly delayed the growth of patient-derived xenografts in two primary oral cancer patients. It has been reported that PTEN, a representative tumor suppressor in the phosphatidylinositol 3-kinase (PI3K)/ protein kinase B (AKT) pathway, was negatively related to the expression of miR-31 in HNSCC. 49 Zheng et al. 50 found that the miR-31-SOX10 axis regulates tumor growth and the chemotherapy resistance of melanoma via the PI3K/AKT pathway. In our study, the expression level of p-AKT was significantly reduced in antagomiR-31-5p-treated xenografts, and the PTEN expression level was increased. These results suggest that miR-31-5p might function as a therapeutic target miRNA in oral cancer via the PTEN/AKT pathway.
In conclusion, we defined distinctive circulating miRNA signatures for oral cancer diagnosis and revealed that circulating miR-31-5p might be a potential diagnostic biomarker. Circulating miR-31-5p may be useful for monitoring recurrence and the curative effect of oral cancer. miR-31-5p might be a powerful therapeutic target miRNA in oral cancer via the PTEN/AKT pathway.
MATERIALS AND METHODS
Written informed consent for the biological studies was obtained from each patient involved in the study, and the study was approved by the ethical committee of First Affiliated Hospital, Sun Yat-Sen University (no. 2017173). All animal studies were approved by the ethical committee of First Affiliated Hospital, Sun Yat-Sen University (no. 2017113).
Study Design and Patient Cohort
The study design is shown in Figure S1 . First, five differentially expressed miRNAs (miR-99a-5p, miR-31-5p, miR-138-5p, miR-21-5p, and miR-375-3p) were screened from our previous miRNA profiling studies. 16, 20, 25, 31 Then, these differentially expressed miRNAs were verified in 11 paired match tumor tissues and adjacent tissues. Next, an independent cohort (cohort 1), which included 82 oral cancer patients and 53 normal subjects, was used to determine the dysregulated miRNAs in the sera of oral cancer patients. Samples for cohort 2 (11 paired match tumor tissues and adjacent normal tissues), cohort 3 (24 paired match tumor tissues and preoperative sera), and cohort 4 (82 cases of preoperation sera and 47 cases of postoperation sera) were obtained from cohort 1. All patients provided written informed consent and were operated between November 2016 to August 2017. The demographics and clinical data of this patient cohort are presented in Table S3 . All tumors underwent stage classification according to the American Joint Committee on Cancer system. None of the patients had received adjuvant chemotherapy or radiotherapy before surgery. The study was approved by the Ethical Committee of the First Affiliated Hospital, Sun Yat-Sen University (no. 2017173).
Preparation of Serum and Tissue Samples
Serum samples were collected from oral cancer patients 1 week prior to the operation and 1 week after the operation. The 5 mL of venous blood from each participant was centrifuged at 4,000 rpm for 10 min at 4 C within 2 h of collection, followed by a second centrifugation at 12,000 rpm for 15 min at 4 C to eliminate any residual cell debris. Supernatant serum was then stored at À80 C until further processing. Twenty-four fresh sets of primary oral cancer tumor tissues and 11 adjacent normal tissues obtained during surgery were immediately immersed in RNA later (QIAGEN, Valencia, CA) and stored at À20 C until RNA extraction. Total RNA used to determine the miRNA level was isolated with the miRcute miRNA Isolation Kit (Tiangen Biotech, China) according to the manufacturer's protocol. miRNAs were reverse transcribed into cDNA using a miRcute miRNA First-Strand cDNA Synthesis Kit (Tiangen Biotech), and a miRcute miRNA qPCR Detection Kit (SYBR Green; Tiangen Biotech, China) was used for real-time qPCR analysis on an ABI 7500 fast real-time PCR system (Applied Biosystems, Foster City, CA, USA) following the manufacturer's instructions. All reactions were performed in triplicate, and Ct values were measured with default threshold settings. The specificity of the real-time qPCR product was confirmed using melting curve analysis, and miRNAs with a Ct value of more than 35 and a detection rate of less than 75% in each group were excluded from further analyses. The relative expression levels of miR-99a-5p, miR-31-5p, miR-138-5p, miR-21-5p, and miR-375-3p were normalized to that of the internal control U6 using the delta Ct (dCt) method. Primer sequences of the miRNAs used for real-time qPCR are shown in Table S4 .
Cell Culture and Treatment
Normal epithelial cell lines (HaCaT and NOK-16B) and human oral cancer cell lines (SCC4, SCC9, SCC15, SCC25 and CAL27, UM1/ UM2, 1386Tu/1386Ln, and 686Tu/686Ln) were obtained from Dr. Xiaofeng Zhou. 25 UM1 and UM2 are paired cell lines with different metastatic potential that were generated from a single patient with SCC of the tongue. 18 1386Tu/1386Ln and 686Tu/686Ln are paired cell lines that were generated from primary tumors and lymph node metastatic diseases from HNSCC patients. 20 These cell lines were cultured in DMEM/F12 medium (for UM1, UM2, 1386Tu, 1386Ln, 686Tu, 686Ln, SCC4, SCC9, SCC15, and SCC25 cells), high-glucose DMEM (for NOK-16B and CAL27 cells), or RPMI-1640 (for HaCaT cells) supplemented with 10% fetal bovine serum (Gibco, USA), 100 U/mL penicillin, and 100 mg/mL streptomycin in a standard humidified incubator with 5% CO 2 at 37 C.
miR-31-5p mimic, control mimic (miR1N0000001-1-5; RiboBio, Guangzhou, China), antagomiR-31-5p (miR-31 inhibitor), and antagomiR-NC (miR3N0000001-4-5; RiboBio) were designed and synthesized by RiboBio. The sequences of miR-31-5p mimic and antagomiR-31-5p are presented in Table S5 . In brief, the indicated cells were plated into 6-well plates to 50% confluence. For each well, 5 mL of mimic (miR-31-5p mimic or control mimic; concentration 20 mM) or 10 mL of antagomiR (antagomiR-31-5p or antagomiR-NC; concentration 20 mM) and 12 mL of riboFECT Transfection Reagent (RiboBio) were added into 2 mL of antibiotic-free opti-MEM (Invitrogen, CA, USA) and then mixed together to form the transfection complex (50 nM for mimic; 100 nM for antagomiR). The transfection complex was added to the indicated cells and incubated for 24 h before replacing the medium. 
Cell Proliferation
Cell proliferation assays were performed using cell counting kit-8 (CCK-8; Dojindo Molecular Technologies, Kumamoto, Japan) according to the manufacturer's instructions as described previously. 51 The indicated cells were seeded into 96-well plates at a density of 3 Â 10 3 cells per well, and the optical density (OD value) of each well at a wavelength of 450 nm at 72 h was detected using an ELÂ800 plate reader (BioTek Instruments, Winooski, VT, USA).
PDX Model of Oral Cancer
To establish the PDX models, tumor tissues from two oral cancer patients were processed after tumor resection. The tumor specimen was cut into pieces with diameters of approximately 3-5 mm and implanted into the flanks of female nude mice (aged 4 or 5 weeks and weighing 18-22 g). When the tumors reached approximately 1,000-1,500 mm 3 , mice were euthanized, and xenografts were collected and subsequently implanted into another set of mice using the same procedure. The third generation of xenografts was treated intratumorally twice daily with either antagomiR-31-5p (10 nmol/50 mL) or antagomiR-NC four times when tumors reached a volume of 70 mm 3 . Tumor volumes were calculated as 1 / 2 Â (length Â width2), and the tumor growth curve (y = Ae kday ) was determined as previously described. 32 Animals were then sacrificed 28 days after treatment, and real-time qPCR was performed to examine the expression of miR-31-5p in the PDX. Furthermore, immunohistochemical staining was used to detect the expression of miR-31 target genes (AKT and PTEN) in the xenograft tissues as previously described. 23 The primary antibodies used were phosphorylated AKT (Cell Signaling Technology; 1:150; no. 4060) and PTEN (CST; 1:100; no. 9188).
The patients' clinicopathologic characteristics for these two PDX models are listed in Table S6 . All procedures for animal experiments were approved by the Ethical Committee of the First Affiliated Hospital, Sun Yat-Sen University (no. 2017113) and performed in accordance with institutional guidelines.
Statistical Analysis
All experiments were repeated at least three times, and the data are presented as the mean ± SD. Statistics were calculated using SPSS 19.0 software (SPSS, USA). The significance of differences between two groups was determined by the Mann-Whitney test or the Wilcoxon rank test and multiple groups by Kruskal-Wallis tests. Student's t test was employed to compare differences in the OD value or tumor volume between two groups. ROC curve analysis was performed to evaluate the diagnostic accuracy (AUC, sensitivity, and specificity) of the miRNAs. Logistic regression was used to develop a combined miRNA panel to predict the probability of oral cancer. Correlations between variables were evaluated using Spearman's rank correlation coefficient. Statistical significance was defined as a two-sided p value of less than 0.05. 
SUPPLEMENTAL INFORMATION
CONFLICTS OF INTEREST
The authors declare no conflicts of interest.
